Abstract-The theory and experimental investigations are presented for a new type of quasi-optical near-millimeter-wave prismatic resonator, which provides frequency selective transformation of the plane waves into the surface waves. Theoretical expressions are obtained for the Q-factor and finesse, which consider dielectric loss and the effect of prism finite aperture. The theoretical evaluations are verified by experimental measurements in the frequency range 300-500 GHz using prismatic resonator made from the optical quality fused silica glass. The increase of intensity of surface waves by a factor of 10-25 is demonstrated for the prismatic resonator made from an extremely low-loss dielectric.
I. INTRODUCTION

I
N OUR previous paper [1] , we described the surfacewave prismatic resonator (SWPR) operating in the near-millimeter range. Resonator provides frequency-selective transformation of the plane wave into the surface waves. This transformation takes place on the base of a rectangular symmetric prism (shown in Fig. 1 ) when a plane wave normally incident to the input face undergoes total internal reflection. The interference of forward waves with those reflected from the backside face forms a standing-wave pattern within the SWPR. Since tangential fields on both sides of the base plane of a prism are tailored to each other, the constructive interference of waves within the SWPR at resonant frequencies results in an increase of the surface evanescent field as well.
The availability of resonant structures that are capable of maintaining surface waves brings new attractive perspectives for the design of various microwave and optical devices based on mode coupling. The periodic grating structures proposed by Kogelnik and Shank [2] , [3] have found wide application as a perfect narrow-band waveguide optical filter. The grating structure can be used also for the coupling of terahertz radiation [4] . Described above, SWPR seems to be promising for the near-millimeter-wave applications. Specifically, the SWPR coupled through the evanescent tails on a base of a prism with a planar electrooptical waveguide can provide the frequency-selective feedback and a noncollinear phase matching for the optical generation of terahertz waves [5] , [6] . The prismatic resonator combined with an electrooptical waveguide can also be used for generation of optical sub-carriers with terahertz spacing utilizing the second-order nonlinear parametric processes in an electrooptical waveguide. The external control of the evanescent field makes possible the development of a new class of millimeter-wave quasi-optical devices based on the SWPR.
The results of measurements of the transmission spectrum of the SWPR made from fused silica glass without coating the lateral faces were presented in [1] . The transmission spectrum and -factor of the SWPR in this case were determined mainly by the mismatch of refractive indexes. It was shown that experimentally measured data for resonant frequencies of the SWPR fit accurately to those evaluated from theoretical equations, which take into consideration the Goos-Hänchen phase shift originating at total internal reflection. Experiments proved the proper operation of a prismatic resonator, even when the prism dimensions are close to the quasi-optical limit . In this paper, we present the theory of the SWPR and discuss the results of reflection measurements with a prismatic resonator with a semi-transparent input and metal-coated backside 0018-9480/99$10.00 © 1999 IEEE mirror. The equation for the critical coupling of the SWPR with a free space was obtained taking into account as the dielectric absorption in the prism as well as the diffraction loss on the prism faces. This allowed us to calculate the unloaded -factor and to evaluate the optimal parameters of the SWPR in the submillimeter range, which lead to the highest finesse and intensity of the surface-wave in the SWPR.
II. THEORY
As was mentioned in Section I, the evanescent field is a part of the standing wave pattern, which extends beyond the prism base. The intensity of surface waves is proportional to the intensity of the internal field within a prism. Therefore, the general behavior of the evanescent field can be described by the analysis of the internal field in a prism.
The standing-wave pattern of the evanescent field can be treated as a superposition of traveling surface waves that counter propagate with propagation constants (1) where , and is the refractive index of the prism.
The resonant frequencies for longitudinal modes in a prism and for corresponding surface waves are given as [1] (2)
Here, is a longitudinal-mode index and is a cross dimension of a prism. Goos-Hänchen phase shift , originating as a result of total internal reflection, is given by the following expressions [7] : (3a) (3b) for TE and TM modes, respectively, and for incident angle.
One of the useful features of the SWPR is the capability of maintaining the surface waves with specific propagation constants . Since a phase retardation of the plane wave normally incident to the prism input face is the same at any point of the wave front, the propagation of a plane wave through a symmetric prism is very similar to propagation of a plane wave through a plane parallel slab. Therefore, the power transmission and reflectivity for the SWPR are given by the same equations as for the planar layer
Here, is given by (2) and , are the reflectivities of the input and output mirrors. The factor determines the loss of power per single pass of radiation through a layer and is the extinction coefficient of prism material.
Along with dielectric loss, there is additional loss originating from the SWPR finite aperture. The effects of finite aperture can be considered using the Gaussian beam approach [8] - [10] . The transverse extension of a Gaussian paraxial beam is given by the following expression:
Here, is the width of the Gaussian beam waist and is a confocal (or Rayleigh) distance. For the SWPR with an input face placed in a focal plane, it is appropriate to assume that . In case of quasi-optical limit , one can derive from (6) that the Rayleigh distance is much longer than the length of the SWPR . According to (5), the beam cross section doubles at the Rayleigh distance as compared with the beam size in the focal plane. Assuming for simplicity the linear expansion of a beam, one can get the decrease of intensity by the factor of at every reflection. Therefore, the loss associated with the finite aperture of the SWPR can be taken into account by reducing the reflectivities of both mirrors by the same factor (7) The reflectivity of the SWPR, given by (4b), is an oscillating function of frequency with smooth maxima and with the sharp absorption lines at resonant frequencies. The maximum of reflectivity is given by the expression (8a) while the residual reflectivity at resonance is (8b) From (8b), follows that the residual reflectivity approaches zero only if the reflection coefficients of both mirrors are adjusted to the dielectric loss in prismatic resonator (9) The square of power loss per single pass appears in (9) since, in the SWPR operating in the reflection mode, the wave reflected from the backside mirror has to pass through a prism two times: in forward and backward directions (double pass). Equation (9) may be considered also as a definition of critical coupling condition when a resonator is matched to a free space. Using obtained equations, one can derive the following expression for the loaded -factor of the SWPR at the critical coupling: (10) where (11) Here it is assumed that . The actual increase of the intensity of the internal field in a resonator operating with high modual index is given by finesse as follows: (12) Here, is the width of the resonance line at half maxima, is a spacing of adjacent longitudinal modes, and is a number of nodes in prism.
For the SWPR operating in the near-millimeter-wave range, both factors in (11) are of the same order of magnitude. However, these factors vary oppositely with variation of prism dimensions. Therefore, there have to exist some optimal prism dimension, at which (and, consequently, ) reaches the maximal value. It can be shown that this dimension for the prism made from the low-loss insulator is given by the following approximate equation: (13) with reaching the maximal value (14) Expression (14), along with (12), can be used for evaluation of the increase of the intensity of the surface wave in the SWPR.
The finite dimensions of the prismatic resonator give rise to the development of higher transverse modes. The transverse modes complicate the amplitude and phase structure of the standing surface wave and form the spatial pattern on the prism base, which repeats corresponding mode structure on the prism faces. Due to geometrical asymmetry, the Goos-Hänchen phase shift in the SWPR is different for rays, declined from the normal to prism faces in and directions (see Fig. 1 ). Therefore, the resonant condition for the higher modes of the SWPR can be presented in the following general form: (15) where and are the transverse modal indexes, , and is the length of prismatic resonator. However, it can be shown that the phase difference for the transverse modes with the same modal indexes is usually very small. Using this suggestion, one can get the following equations for the spacing of longitudinal and transverse modes:
Since in the SWPR , the high-order transverse modes will show up close to the higher frequency slope of corresponding longitudinal mode. Diffraction losses for the specific transverse mode of the SWPR can be evaluated using the following equation obtained in [11] for the Fabry-Perot resonator with the flat rectangular mirrors: (18) where and .
III. EXPERIMENTAL SETUP
The block diagram of a computer-controlled quasi-optical submillimeter spectrometer used for the study of reflection spectra of the SWPR is shown in Fig. 2 . This spectrometer was based on a backward-wave oscillator (BWO) as a source of tunable polarized coherent radiation in the frequency range of 300-500 GHz [12] . The high stability of BWO power supply voltages provided high repeatability of amplitude measurements and the spectral resolution of 30 MHz. The short-focal-length Teflon lenses were used for transformation of the BWO radiation into a paraxial Gaussian beam. Used in our measurements, a room-temperature Golaycell bolometer has a flat response in the entire submillimeterwave range. This detector is insensitive to the polarization of radiation. The control of the beam polarization and the coupling of reflected radiation with a Golay cell were realized with a set of freestanding tungsten wire grids.
In the submillimeter-wave range, the detected power is complicated combination of sample and apparatus functions. Therefore, the reflectivity was evaluated by relating data, obtained from the two sets of measurement: with a prism and silver-coated mirror ( , %) terminating the quasi-optical channel. The accuracy of the channel method as compared with the accuracy of other quasi-optical methods is discussed in [13] .
The optical-quality symmetric right-angle prismatic resonator ( mm ) was made from UV grade quartz glass (QG-2). It was manufactured from the thick plane parallel bar, which initially was used for the accurate measurement of dielectric permittivity. Results of measurement, along with the data, taken from [14] are shown in Fig. 3 . The measurements have revealed that the dielectric loss in our fused silica specimen is low compared to the dielectric loss of UV grade Corning fused silica glass. Measured refractive index agreed well with known data for fused silica glasses [14] . A highly reflecting ( 99%) backside mirror of the SWPR was formed by metal coating one of the prism faces. The gilt tungsten wire grid, pressed to the input face of the prism, was used as a semi-transparent input mirror. The special mount provided nondamaging tight contact of the prism with the grid. The TE and TM configurations were realized by changing the position of the prism on a support. The electrodynamic characteristics of freestanding wire grids have been a subject of numerous theoretical and experimental studies [15] - [18] . It was shown that the reflectivity is maximal when the wires in the grid are parallel to the polarization of the incident beam. At the same time, the reflectivity in this configuration strongly depends on the spacing between the wires [19] . This makes it possible to control the reflectivity by using the grids with various spacing of wires. The grid in the input of the SWPR separates the media with different refractive indexes. Therefore, along with the reflection originating from the freestanding wires, there must be additional reflection originating from the mismatch of refractive indexes. Since the reflectivity is one of the important parameters essentially affecting characteristics of the SWPR, we carried out the direct measurement of reflectivity of grids pressed to a polished surface of fused silica rod. The large size of the rod allowed avoiding the effect of multiple reflections. Fig. 4 shows the results of reflection measurements for the wires spaced at 150 and 270 m (diameter of wires 15 m). The same figure presents the frequency dependence of loss of power per double pass , which originates when a beam travels twice through a prism. The curve for power loss was calculated for the 15-mm-long prism using the data from Fig. 3 . One can see that the reflectivity of the 270-m grid is matched well (9) with the losses in the 15-mm-long fused silica prism.
IV. RESULTS
Two fragments of experimentally measured reflection spectra for the fused silica SWPR with 150-m grid mirror in the input are shown in Fig. 5 . Equidistantly spaced ( 5 GHz) narrow resonance lines appeared in both TE and TM configurations. Resonance lines corresponding to TE and TM configurations were shifted from each other to a distance GHz, fitting well to GHz, evaluated from (3a) and (3b). It can also be seen that the reflectivity of the SWPR with the fine grid in the input face does not approach zero at any resonant frequency. The residual reflectivity remained almost the same for all minima since parameters, which affect the reflectivity of SWPR, are weak functions of frequency. As was expected from results presented in Fig. 4 , the critical coupling was obtained when the 150-m grid was replaced by the 270-m grid. Measured resonant line patterns along with computer-simulated data are shown in Fig. 6 . One can see that the residual reflection at resonance in this case reaches zero. This allowed comparing the result of measurements with theoretically evaluated data for the -factor and finesse of the SWPR. Some experimental and theoretical results are summarized in Table I . In Table I , data are presented for the optimal dimensions of the SWPR at various frequencies. There is a good agreement between the calculated and measured data, especially in the higher frequency part. Some deviation at 300 GHz was caused by the declination from the critical coupling at the lower frequency range. A complete correlation was found between The observed increases of finesse with decrease of frequency for a 15-mm-long SWPR was caused by rapprochement of the optimal dimension to the actual dimension of the SWPR at lower frequencies. This tendency was verified by measurements with a smaller SWPR ( mm) made from the same piece of fused silica glass and with the same 250-m grid at the input. The observed increase of finesse in the smaller prism confirmed this supposition. Results of measurements with a small prismatic resonator are presented in Table I in a separate column. Returning to Fig. 6 , one can see that the overall loss of reflectivity, introduced by a fused silica prismatic resonator at the critical coupling, increases from 0.45 dB at 400 GHz to 0.85 dB at 500 GHz.
The fused silica glass was used as a material for the SWPR since this dielectric is readily available. There are, however, materials with the lower absorption in the nearmillimeter-wave range [20] . Much better results are expected for the SWPR, made from an extremely low-loss dielectric, such as quartz single crystal [13] or extra high purity Si [21] . The latter is known as a material with the lowest room-temperature submillimeter absorption loss. The results of theoretical estimations for the high-resistivity silicon are presented in Table II . These results show the possibility of increasing the intensity of surface waves by a factor 15-25 in the near-millimeter-wave range using the SWPR made from silicon.
V. CONCLUSION
A new type of resonator for the near-millimeter-wave range, which provides frequency-selective transformation of the plane wave into the surface waves using the phenomenon of total internal reflection, was described in this paper. The theory of surface prismal resonator was developed and an equation for finesse is obtained, which take into consideration dielectric losses in the prism and the effect of the prism finite aperture. It was shown that there is an optimal dimension of the SWPR operating in the near-millimeter-wave range at which finesse and the intensity of the surface wave reach the maximal value. The optimal dimension of the SWPR is determined by dielectric loss in a prism material only. The possibility of increasing the intensity of surface waves by a factor of 15-25 is demonstrated using a prismal resonator made from a lowloss dielectric. Experimental measurements carried out with a computer-controlled BWO spectrometer using a prismatic resonator made from fused silica glass agreed well with the results of theoretical estimations.
The important feature of the prismatic resonator is the capability to maintain surface waves with a specific propagation constant. This makes the SWPR useful for the design of various near-millimeter-wave devices. Specifically, the SWPR coupled with an electrooptical waveguide may be used for generation of terahertz radiation by optical pumping. The SWPR described in this paper may have some specific applications in the near-infrared and optical wavebands, as well. Much better finesse can be obtained in this case since the dielectric loss in that spectral range is usually much lower than in the submillimeter-wave range.
